SUMMARY The motor responses of the human duodenum to saline solutions of varying osmolality were examined in order to investigate the possible role played by the upper intestine in the control of gastric efflux of hyperosmolar material. During fasting, delivery of the solutions into the duodenum increased duodenal motor activity and intraduodenal pressure, the magnitude of the response increasing with osmolality. At the highest osmolalities, a regular duodenal motor pattern was induced in some individuals which was indistinguishable from fasting phase III activity. After feeding, hyperosmolar saline again increased motor activity. In addition, the transit of an intraduodenal marker to the caecum was accelerated. These findings support the concept that the duodenum is both sensitive and responsive to its intraluminal content. The motor responses additionally appear to function to clear excessively stimulating intraluminal material from the duodenal lumen and may also contribute to the 'postpyloric' resistance which is known to exert control of normal gastric emptying.
The mucosa of the duodenum is known to be sensitive to the pH, osmolality and lipid composition of its intraluminal content.' Intraduodenal nutrient outside an acceptable range for any of these constituents slows the passage of food from the stomach until the efflux is rendered more acceptable by further gastric secretion. The duodenum thus provides the sensory limb of a negative feedback loop regulating the passage of ingested material through the upper gut.
Of the three stimulants, osmolality has been the most common choice for study of this feedback system. 23 Evidence now points to the existence of a functional, if not anatomical osmoreceptor, in the mucosa of the upper duodenum, the jejunum and ileum appear much less responsive. 3 The site of the receptor seems to be internal to the mucosal brush border, because disaccharide solutions which are split by brush border enzymes exert twice the stimulatory action of equiosmolar solutions of monosaccharide.4
Methods

SUBJECTS
Studies were carried out on healthy adult volunteers (age 21-35 years). All experimental protocols were approved by the local ethics committee and all subjects gave their informed consent prior to study. FASTED 
STUDIES
On the morning after an overnight fast, nine subjects were intubated with a multilumen polyvinylchloride tube, manipulated with the aid of fluoroscopy until its tip lay at the duodenojejunal junction. This tube enabled test solutions of varying osmolality to be delivered into the second part of the duodenum through one channel, while four others (internal diameter 0-6 mm) perfused with distilled water via a standard pneumohydraulic pump system and opening at 10 cm intervals from the tip, allowed detection and measurement of intraluminal pressure changes in the gastric antrum and the upper, mid and lower duodenum, through attached pressure transducers (Gaeltec Ltd, Dunvegan, Skye, UK). The outputs of these transducers connected to a multichannel chart recorder (Linearcorder, Watanabe Ltd, Japan) run at 2-5 cm/min provided a permanent record of intraluminal pressure activity at each site. The tube also allowed intraduodenal contents to be sampled by aspiration through the central lumen, which opened at the distal end of the tube.
After satisfactory tube placement, subjects moved from the fluoroscopy room to the clinical study area where they reclined on a hospital bed for the duration of the study.
EXPERIMENTAL CONDITIONS
Pilot studies done by administering hyperosmolar solutions during different phases of fasting motility in one individual indicated that an increase in frequency of duodenal contractions would occur. For the present study therefore, all test solutions were delivered during phase I of the fasting periodic motor cycle.'2 This phase was selected because of its characteristic quiescence, its ease of detection by reference to the preceding phase III, and because its relative refractoriness to external stimuli'3 would reduce the possibility of false positive results. The pilot studies also indicated that the minimum volume of test solution which would reliably induce a motor response was 20 ml, delivered into the second part of the duodenum over one minute.
Seven normal subjects underwent duodenal stimulation using a series of test solutions of sodium chloride of differing osmolality. Seven solutions (including controls) were chosen for study in each individual, this number being selected to be achievable within a 12 hour study period, given that the average fasting motor cycle periodicity in man is 90 to 100 minutes. 4 One test solution was delivered during each spontaneously occurring phase I period.
Osmolalities of the solutions ranged from 280, through 560, 1680, and 3360, to 5040 mosmol/kg. The first three values were chosen to cover the likely range of osmolality found during food ingestion, the other two were included to identify patterns of response at greater levels of stimulation.
All solutions were made by dissolving sodium chloride crystals (Analar grade, BDH Chemicals Ltd, Poole, England) in distilled water, the eventual osmolalities of the solutions being determined by use of a Vapour pressure osmometer (Wescor Inc, Utah, USA). During the studies, solutions were kept in a water bath at 37°C, the order of delivery of test solutions was randomised and subjects remained unaware of the nature of the solutions delivered.
To control for possible distension effects of the solutions on duodenal motor activity, two other infusions were delivered. The first consisted of 50 ml of isosmolar saline infused at a rate of 20 ml/min. The second was a sham infusion; a syringe was connected to the tube but no saline was delivered.
Ten minutes after delivery of each solution, the duodenal contents were aspirated, and the osmolality of the fluid obtained was compared with that of the solution delivered, thus providing an index of intraluminal dilution.
Subjective responses to the delivery of each solution were recorded from all individuals, in particular, symptoms of nausea, and abdominal discomfort were sought. Two individuals also repeated the study on a separate occasion in order to permit an assessment of the reproducibility of the responses obtained.
FED STUDIES
To determine the effect of duodenal osmoreceptor stimulation on postprandial duodenal motor activity and intraluminal transit, seven subjects were studied on two separate occasions, after per oral duodenal intubation using the technique described for the fasting studies. Small intestinal transit was additionally estimated by serial measurement of exhaled breath hydrogen concentration using a hydrogen sensitive electrochemical cell (GMI Ltd, Renfrew, Scotland). For After the lactulose instillation, 20 ml saline were delivered into the duodenum. On one occasion the solution was isosmolar (280 mosmol/kg) while on the other it was hyperosmolar (1680 mosmol/kg), the order of delivery being randomised for each individual. As in the fasted studies, the number of antral and duodenal contractions were counted in the 10 minute period after the saline infusion. In addition, duodenocaecal transit was estimated by measurement of the interval between delivery of the lactulose solution and the onset of a breath hydrogen rise, defined as a sustained rise lasting at least 20 minutes and exceeding baseline values at least two fold.
ANALYSIS OF DATA
Because initial inspection of the data indicated that the results were not normally distributed, statistical analyses were done using non-parametric techniques,'6 the particular analyses used in each experiment being indicated where appropriate in the results section. To eliminate artifact as far as possible from the analysis of duodenal motility tracings, only those contractions which exceeded the respiratory excursion by a factor of two were included. Contractions which appeared simultaneously on all channels, suggesting extra intestinal artifact, were also excluded from study.
Net intraluminal pressure was defined as the sum of the amplitudes of the contractions recorded during the test period.
Results
FASTED STUDIES
Duodenal motor activity With all but the most dilute solutions a rapid alteration in the pattern of duodenal motility occurred, changing from the expected quiescence of phase I to one characterised by irregular motor activity, the onset of the response usually appearing before the completion of the infusion.
In five of the nine subjects, a phase III-like duodenal motor pattern characterised by regular contractile activity at a frequency identical to that of the preceding fasting phase III activity and lasting at least two minutes was seen to follow the delivery of at least one of the more hyperosmolar solutions. This pattern was recorded in all duodenal channels in three subjects and in the lower duodenal channel only in two subjects. After this activity, a period of motor quiescence was also observed. Retrogradely propagating motor activity, sometimes associated with impending emesis,' was not seen in any study.
Because of the infrequency of occurrence of spontaneous phase III activity in some subjects, not all solutions could be delivered to each individual within the time available for the study. Furthermore, the occurrence of untoward symptoms in a subject after a particular test solution precluded the delivery of solutions of greater osmolality to that individual.
Seven subjects received no infusion, six the 280 mosmol saline, nine the 560 mosmol saline, seven the 1680 mosmol saline, eight the 2520 mosmol saline, seven the 5040 mosmol saline and six the 50 ml isomolar saline control. Phase III-like activity occurred in one subject after 1680 mosmol saline, in three after 2520 mosmol saline and in one subject, after 5040 mosmol saline.
The number of contractions occurring in the 10 minute period after the delivery of the test solutions for the group are shown in Figure 1 . It is apparent that as the osmolality of the test solution rose, the number of contractions increased. The significance of this trend was first examined using Freedmans 2 way analysis of variance; for any missing points, the median value for the group was used. A significantly positive trend in frequency of contractions with increasing osmolality was shown for the mid and lower duodenal recording sites (p<0-01) but not for the upper duodenum (p>0O05).
In order to determine the overall significance of this response, at each recording site, Spearmans rank correlation coefficient was calculated for each individual, between the motor response and the solution osmolality.
For the mid and lower duodenal recording sites, all subjects showed a positive correlation coefficient indicating that as the osmolality ofsolutions increased an increase in motor activity occurred. Consistent differences were also found between the grouped correlation coefficients at the three duodenal sites, comparing upper with mid, and mid with lower duodenum (p<0-01 Wilcoxon's matched pairs), indicating that the magnitude of the motor response increased along the duodenum.
To determine whether intraluminal distension could have made a significant contribution to this effect, the grouped data from the sham-infusion, the 20 ml isosmolar, and the 50 ml isosmolar experiments were compared. No significant differences between any of these sets of data were found (>0.05). Repeat studies Both subjects who repeated the study showed a similar pattern of motor response with increasing osmolality on both occasions (Table 1) , including the (Fig. 2) . In no instance, however, did a regular contractile pattern resembling phase III activity result.
Antral motor activity Postprandial motor activity was inconsistently detected using the single antral recording channel and data were inadequate for analysis.
Duodenocaecal transit
All individuals showed a rise in exhaled breath hydrogen during both studies permitting an estimate of duodenocaecal transit to be made. In all individuals the rise in exhaled breath hydrogen occurred earlier after delivery of the hyperosmolar saline than after the isosmolar saline (Fig. 3 ) (p<005 Wilcoxon's matched pairs), indicating that duodenocaecal transit was more rapid.
Discussion
In his classic studies of the duodenal osmoreceptor,2' Hunt was able to identify a functional entity, deep to the brush border of the duodenal epithelium with a threshold of 500 mosmol/kg for inhibition of gastric emptying. More recent studies3 have also shown a similar threshold value, which is consistent with our own data. In addition to being able to sense the quality of gastric efflux, our results show that the duodenum is also responsive to its intraluminal content and increases its motor activity as the magnitude of the stimulus increases. The stimulus dependent nature of this duodenal motor response and the net rise in intraluminal pressure which results suggests that it may contribute to the putative postpyloric resistance mechanism70' which is known to influence gastric emptying, but which has not previously been characterised. Although it is often intuitively assumed that increased small intestinal motility will speed transit, evidence for a negative relationship, with increased small intestinal activity resulting in delayed nutrient transit,'89 has been established. Gregory'8 perfused canine Thiry-vella loops of jejunum with solutions of varying osmolality and found that as the osmolality increased, an accompanying increase in intestinal tone and contractile activity occurred, which retarded passage of fluid through the loop. A relationship between duodenal motility and gastric emptying has also been noted during studies of gastric emptying using meals of varying lipid content,"' those which maximally retarded gastric emptying, were associated with the greatest increase in duodenal motor activity.
Since it has been reported that intraluminal distension of the human small intestine is itself able to stimulate motor activity,20 it could be hypothesised that the observed motor responses were the result of distension caused by a secretory response to the hyperosmolar solutions. Certainly the osmolalities of the duodenal aspirates indicate that intraluminal dilution of the infused solutions did occur during the period of study. The rapidity of the response, the small degree of intraluminal dilution, and the frequent absence of intraluminal content at a time when a motor response was still present must, however, argue against the importance of such distension, compared with direct motor stimulation, as the factor responsible.
The duodenal motor responses we have observed do not seem to be unique to osmoreceptor stimulation, but have also been noted by others after stimulation of the duodenum by acid. 921 22 In addition to inducing irregular duodenal motor activity, phase III-like patterns were also seen, which originally led to speculation that passage of gastric acid into the duodenum was the mechanism for initiation of duodenal phase 111.21 The occurrence of normal fasting duodenal motility during suppression of acid secretion,22 however, seems to refute this hypothesis, and taken together with our data suggests that increased duodenal motor activity is probably nonspecific response to receptor stimulation.
The frequent occurrence of nausea in association with the phase III-like pattern in our study suggests that the two may be related. Similar phase III-like activity is also seen during nausea induced by other stimuli,'723 so that its appearance after stimulation again seems likely to be non-specific. The accelerated transport of lactulose through the small intestine after the hyperosmolar saline suggests that the motor activity induced by duodenal stimulation may serve the additional function of clearing intraluminal material for its lumen, in addition to retarding gastric efflux. While further studies of this response are required to distinguish the contribution made by intestinal secretion from any direct motor effects, it is interesting to note that accelerated intestinal transit of hyperosmolar duodenal content together with increased motor activity was recognised in early radiological studies.2 26 In these reports of the intraluminal passage of hyperosmolar barium/ glucose solutions, the first portion of the test meal to leave the stomach was consistently transported into the midjejunum in association with increased duodenal motor activity while gastric emptying was retarded. It seems possible that this transit effect serves to provide a means whereby hyperosmolar material is removed from the duodenum, thus allowing a 'resetting' of the receptor and the later resumption of emptying of gastric content rendered less hyperosmolar by gastric secretion.
While the exact pathways mediating the responses which we have observed cannot be determined with certainty from our experiments, it seems likely that two separate mechanisms are responsible. The initial dose dependent motor response closely resembles that observed by other workers using extrinsically denervated intestinal loops'827 suggesting that local, myenteric plexus modulation is responsible. It is known from the effects of exogenous peptides that the timing of phase III is a function of the enteric nervous system, so it is possible that all the effects shown by us are caused by local stimulation and modulation of the enteric nervous system. On the other hand the close association of nausea with phase III in our studies and the vagal dependence of this phenomenon22 suggests that central modulation is also involved.
The relevance of our data to the normal control of upper gastrointestinal transit and digestion in daily life obviously depends on the original osmolality of food eaten and the rapidity with which it is digested to osmotically active particles. While comprehensive details of intraluminal osmolalities in the stomach and duodenum after ingestion of different foodstuffs are lacking, published data do show28 that even the simplest meals induce intragastric osmolalities which would induce a duodenal motor response. Our own laboratory survey also indicates that most western European meals are capable of stimulating a duodenal motor response and some may even exceed 1500 mosmol/kg, in the case of highly seasoned soups and stews.
It must be accepted that the duodenal responses which we have found cannot be the sole mechanism for gastric efflux control. Gastric and pyloric responses will also play a role in retarding emptying and which process is the most important under normal circumstances is difficult to determine.
Further studies are now required to explore these interrelationships between gastric, pyloric and duodenal activity in greater detail, perhaps using a perfusion system with multiple orifices sited close together in the antro-duodenum so that simultaneous responses could be examined. In order to determine whether the duodenum does actually function as a 'brake', flow measurements with and without duodenal stimulation are required, so that rates of flow under pressures which equate with gastric emptying forces, can be measured. A recent method developed in dogs using an intraluminal flowmeter9 seems to show potential for such measurements in man and might allow study of these currently unanswered questions.
Although it is possible that the duodenum may not normally play a dominant role in nutrient transit control, it seems likely that it would assume much greater importance under certain circumstances. For example, after truncal vagotomy, receptive relaxation of the fundus is known to be impaired, intragastric pressure is higher, and emptying of fluids tends to be more rapid than normal.3"' Evidence exists32 to indicate that the duodenum does remain responsive to receptor stimulation postvagotomy and that emptying of hyperosmolar solutions is delayed, even though it remains more rapid than before surgery. As patients with diarrhoea postvagotomy are characterised by more rapid emptying of gastric contents than those without diarrhoea,33 it is possible that the intrinsic efficiency of the duodenal braking mechanism in an individual may determine whether or not symptoms develop. Those individuals with the least effective duodenal response to nutrient stimulation may be those most prone to develop diarrhoea postvagotomy. Studies of the upper gastrointestinal responses to hyperosmolar stimuli in individuals pre and postsurgery would allow this hypothesis to be tested.
on human duodenal motor activity. 
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